The cofactor composition and electron-transfer kinetics of the reaction center (RC) from a magnesium chelatase (bchD) mutant of Rhodobacter sphaeroides were characterized. In this RC, the special pair (P) and accessory (B) bacteriochlorophyll (BChl) -binding sites contain Zn-BChl rather than BChl a. Spectroscopic measurements reveal that Zn-BChl also occupies the H sites that are normally occupied by bacteriopheophytin in wild type, and at least 1 of these Zn-BChl molecules is involved in electron transfer in intact Zn-RCs with an efficiency of >95% of the wild-type RC. The absorption spectrum of this Zn-containing RC in the near-infrared region associated with P and B is shifted from 865 to 855 nm and from 802 to 794 nm respectively, compared with wild type. The bands of P and B in the visible region are centered at 600 nm, similar to those of wild type, whereas the H-cofactors have a band at 560 nm, which is a spectral signature of monomeric Zn-BChl in organic solvent. The Zn-BChl H-cofactor spectral differences compared with the P and B positions in the visible region are proposed to be due to a difference in the 5th ligand coordinating the Zn. We suggest that this coordination is a key feature of protein-cofactor interactions, which significantly contributes to the redox midpoint potential of H and the formation of the charge-separated state, and provides a unifying explanation for the properties of the primary acceptor in photosystems I (PS1) and II (PS2). magnesium chelatase mutant ͉ photosynthetic bacterial reaction center ͉ photosystems I and II ͉ protein-cofactor interaction www.pnas.org͞cgi͞doi͞10.1073͞pnas.0812719106 PNAS ͉ May 26, 2009 ͉ vol. 106 ͉ no. 21 ͉ 8537-8542
T he purple bacterial reaction center (RC) is a pigmentprotein complex that is capable of converting light energy to chemical energy with quantum yield approaching 1 (1) (2) (3) . Electron transfer (ET) in this RC has been extensively studied; the structure and spectroscopic features of the complex are well known, the complex is very stable, and a large variety of mutants is available. This RC also serves as a model system for understanding protein-cofactor interactions and the role that protein plays in ET (4) .
The RC from Rhodobacter (Rb.) sphaeroides comprises 3 protein subunits, H, M, and L. As shown in Fig. 1 , the RC complex binds 9 cofactors that form 2 potential ET chains (referred to as A and B) in a C2 symmetric arrangement. The ''special pair'' (P) is a dimer of bacteriochlorophyll (BChl) a molecules and is located on the periplasmic side of the cytoplasmic membrane. Two monomeric BChls (B A and B B , with the subscripts denoting which chain the cofactor belongs to) are present on either side of P. These are followed by 2 bacteriopheophytin (BPhe) molecules (H A and H B ). A nonheme iron and 2 quinones (Q A and Q B ) are near the cytoplasmic side of the RC (5, 6) . When P is excited, an electron is transferred through the A branch cofactors, and then to Q B . In the WT RC, the times for ET from P* to H A to Q A to Q B are 3 ps, 200 ps, and 200 s, respectively. The transfer from P* to H A is thought to be via B A .
The ET reactions P* to H A to Q A have also been studied in other species of purple bacterial RCs with varying cofactor composition, including a RC containing Zn-BChl in the P and B positions (from Acidiphilium (Ac.) rubrum) (7, 8) and a RC containing BChl b instead of BChl a (from Rhodopseudomonas viridis) (9) . In all of these RCs the P and B sites contain BChl molecules, and the cofactors at the H positions are BPhe molecules. Despite shifts in the pigment absorption spectra in these species, the primary ET from P* to H A to Q A is essentially the same as in the Rb. sphaeroides RC. However, when the BPhe in the H A -binding site of Rb. sphaeroides is replaced with a BChl molecule, the so-called ␤-mutant RC (10), the rate of ET from P* to H A is decreased by a factor of 2. That study, together with studies of other mutants in which cofactors have been changed, indicated the importance of the energetics of the cofactors in influencing ET rates (11) (12) (13) (14) .
Recently, it was discovered that a magnesium chelatase (bchD) mutant of Rb. sphaeroides produces an RC that contains only Zn-BChl: no Mg-BChl or BPhe (we call this RC the Zn-RC). The lack of BPhe was demonstrated both by pigment analysis and room-temperature absorption spectroscopy. In the initial study of the Zn-RC, it was proposed that the H cofactor sites are unoccupied (15) .
In the work described below, detailed measurements have been used to investigate whether the H-sites in the Zn-RC are occupied, as well as to explore the mechanism of ET in this system. It is shown that the Zn-RC H cofactor sites are occupied, but by Zn-BChl instead of BPhe. Surprisingly, given the major differences in cofactor composition, the Zn-RC undergoes ET reactions with rates very similar to those of the WT Rb. sphaeroides RC. In contrast to all other purple bacterial RCs, in the Zn-RC the energetic differences that dictate the kinetics of ET are determined predominantly by the protein environment of 6 identical chlorin cofactors, analogous to photosystem 1 (PS1) of plants and cyanobacteria.
Results and Discussion
The RC from the bchD mutant of Rb. sphaeroides has unique spectroscopic properties because of the incorporation of Zn into BChl in place of Mg (15) . In this work, spectroscopic and ET properties were investigated to address several outstanding questions. What is the cofactor composition and what are the spectroscopic signatures of the cofactors? What is the effect of Zn substitution on the redox properties of the cofactors? Does Zn substitution affect ET? What do the properties of the Zn-RC reveal about the influence of cofactor-protein interactions on ET rates?
Cofactor Composition of the Zn-RC. To evaluate the cofactor composition of the Zn-RC, steady-state absorption spectra were recorded and compared with those from the WT and ␤-mutant RCs. The absorption spectrum of the Zn-RC recorded at room temperature ( Fig. 2A) shows absorption bands in the near IR region at 855 nm (due to P) and 794 nm due to the Q Y transition of B. These spectral features are similar to those observed for WT RC containing Mg-BChl ( Fig. 2 A) , except that the Zn-RC peaks are blue-shifted by 8-10 nm. The major difference between the absorption spectrum of the WT RC and the Zn-RC is the disappearance of the H band at 760 nm (due to BPhe) in the Zn-RC. Instead, a shoulder on the short-wavelength side of the B band has appeared. In the Zn-RC Q X transition region, 2 small bands superimposed on top of a broad absorption background are observed, showing peaks at 560 and 600 nm.
The spectroscopic characteristics of P and B cofactors in the Zn-RC can be compared with published spectra of related systems. The RC of Ac. rubrum contains Zn-BChl in the P and B sites, but BPhe in the H sites (16) . In the Q Y transition region, the P and B absorption bands of the RC from Ac. rubrum are blue-shifted by 6-10 nm relative to the Rb. sphaeroides WT RC, consistent with the blue shift of the P and B bands observed in the Zn-RC described above, and with the proposal that the Zn-RC from the Rb. sphaeroides bchD mutant contains Zn-BChl at the P and B sites (15) . A blue shift of the Q Y band relative to that of the Mg-BChl is also observed for Zn-BChl in acetone/ methanol (15) .
The situation in the Q X region of the spectrum is rather different. Here, there is a large blue shift of the Q X band of Zn-BChl compared with Mg-BChl in acetone/methanol solvent: The Q X band in solution peaks at 600 nm in Mg-BChl and at 560 nm in Zn-BChl (15) . The large shift agrees well with results from previous studies that indicated that metal substitution in BChls induces a greater spectral shift of the Q X band than the Q Y band (17) . However, the Q X bands of P and B in the Ac. rubrum RC are located near 600 nm (18) , similar to the P and B Q X absorption bands in Mg-BChl-containing RCs. By analogy to Ac. rubrum, it appears that the Q X transition band near 600 nm in the Zn-RC can be attributed to both B and P, although these cofactors have distinct Q Y bands at 794 and 855 nm, respectively. Why are the Q X spectra of the P and B Zn-BChl molecules so strongly red-shifted, and what is absorbing at 560 nm and on the blue shoulder of the 794-nm band in the Zn-RC?
A study of BChls containing different metals in organic solvents concluded that tetracoordination of the central Zn in Zn-BChl results in a Q X band in the 560-nm region, whereas a large red shift of this band (to Ϸ580 nm) was observed in pentacoordinated Zn-BChl (19) . A study of local structures around metal atoms in Zn-BChl with and without insertion into the B sites of the Rb. sphaeroides strain R-26 RC, indicated that the Q X band position of Zn-BChl at the B sites is almost identical to that of the native R-26 RC because of a fifth ligand to the Zn-BChl metal (20) . A similar pentacoordination appears to exist for the P and B sites in the Zn-RC because of histidine (His) ligands (5) . Thus, the Zn-BChls at the P-and B-binding sites appear to be pentacoordinated in the Zn-RC, which, along with other protein interactions, shifts the Q X bands of P and B to Ϸ600 nm. Note that the Q X band of Mg-BChl in solution (Ϸ600 nm) is at the same position as the Q X bands of P and B in the WT RC because the preferred coordination number of the central Mg is 5 (21) .
To better understand the H site cofactor composition of the Zn-RC, the absorption spectrum was compared with that of the ␤-mutant RC ( Fig. 2 A) . In the ␤-mutant RC, the amino acid leucine at M214 is replaced with a His, resulting in the replacement of the BPhe at the H A position with a BChl molecule (10) . Therefore, the ␤-mutant RC contains 5 BChls and 1 BPhe. Compared with the WT RC, the ␤-mutant RC has lower amplitude H bands at 545 (Q X ) and 760 nm (Q Y ), accompanied by a slight increase in the 600-nm band and the appearance of a shoulder on the short-wavelength side of the Q Y band of B. The Zn-RC absorption spectrum has a further amplitude decrease of the 760-nm band and a corresponding increase of the Ϸ775-nm shoulder on the B-band. Therefore, these data indicate that the Zn-RC lacks BPhe and contains a cofactor that absorbs at Ϸ775 nm, analogous to the H A BChl in the ␤-mutant RC.
The above-mentioned absorption band features were better resolved in low-temperature absorption spectra ( Fig. 2B ). At 13 K, the shoulder at Ϸ775 nm becomes a peak in the absorption spectra of both the ␤-mutant and the Zn-RC. The amplitude of this band is approximately 2 times greater and slightly blueshifted in the Zn-RC spectrum compared with the ␤-mutant RC spectrum. Fig. 2C compares the Q Y transition bands from the 13 K spectra of all 3 RCs normalized to the absorption maxima of their P bands in the 850-to 865-nm region, and with the spectrum of the Zn-RC mathematically shifted 9 nm to the red to make the P-band peaks coincident. A stepwise amplitude decrease of the 760-nm band and a corresponding increase of the Ϸ775-nm band is shown clearly when comparing RCs containing 2 BPhe (WT), 1 BPhe (␤-mutant), and no BPhe (Zn-RC). Therefore, these data confirm that the Zn-RC lacks BPhe as determined previously (15) , but indicate that the Zn-RC contains Zn-BChls that absorb at 775 nm in both of the H sites.
In the Q X transition region of the 13 K spectrum (Fig. 2B ), the WT RC shows bands at 533 and 546 nm, corresponding to the absorption of BPhe in the H B and H A positions, respectively. The Q X transition bands of B A , B B , and P in the WT RC are centered around 600 nm. The ␤-mutant RC has only 1 BPhe band (H B , at 533 nm) because the H A BPhe has been replaced by BChl, resulting in an increased intensity of the 600-nm band. In the Zn-RC, only 2 Q X bands are observed, at 560 and 600 nm. Because there are no BPhe or Mg-BChl cofactors in the Zn-RC (15) , it follows that the 560-nm band must be due to a Zn-BChl. As argued above, the P and B-site Zn-BChl cofactors absorb near 600 nm. The 560-nm band, therefore, must be the Q X band of the H-site Zn-BChls, corresponding to the 775-nm peak of the Q Y spectrum described above. It appears that Zn-BChl in the H-site is tetracoordinated because the 560-nm peak position is similar to the Q X band of tetracoordinated Zn-BChl in solution. The 775-nm band of this H-site Zn-BChl is somewhat red-shifted relative to the Zn-BChl Q Y band in solution (normally 762 nm), presumably because of protein-pigment interactions (19) .
Based on the above analysis, we propose that the Zn-RC from the bchD mutant contains 6 Zn-BChl molecules. Two of these make up P, 2 occupy the B positions, and 2 occupy the H positions. The Zn-BChls are likely in very similar environments as the BChls and BPhes in the WT RC, because the RC has proven to be structurally robust to alterations, including substitution of BPhe for BChl in the heterodimer mutant (22) . Furthermore, the spectral differences observed in the Q X region are due to differences in the metal coordination state in the Zn-BChl molecules occupying P and B positions compared with those occupying the H positions. Because there is no protein ligand in the H A and H B sites for a fifth coordination to the metal in these Zn-BChl molecules (5) , their Q X band remains at a wavelength similar to that observed for tetracoordinated Zn-BChl in organic solvent (19) . There are 2 BPhe Q x bands in the WT RC, thought to arise from differences in hydrogen bonding (23) , and so the similarity of the Q x transitions for Zn-BChls in the H sites indicates that the hydrogen bonding is more similar than in the WT RC.
Electrochemical and Photochemical Properties of Zn-RC Cofactors.
The P Zn /P Zn ϩ midpoint potential of the Zn-RC was determined to be 515 Ϯ 5 mV (Fig. 3) , only slightly higher than the 505 Ϯ 5 mV P/P ϩ midpoint potential in the WT RC (24) . The difference between the P Zn /P Zn ϩ midpoint potential of the Zn-RC and that of the WT RC is in general agreement with the relative potentials obtained for isolated Zn-BChl and Mg-BChl in organic solvents (25) , and the P Zn /P Zn ϩ redox potential of RCs in membranes of Ac. rubrum was found to be comparable with that of Rb. sphaeroides (8) , in agreement with our result. These findings are all consistent with the observation that only a minor increase in the midpoint potential is observed when Zn-BChls serve as the primary donor (P) in place of Mg-BChls.
The light-minus-dark difference absorbance spectrum was measured to examine the photoactivity of the Zn-RC (see Fig.  5A ). The spectrum shows the bleaching of the P bands at 600 and 855 nm upon formation of the state P ϩ , as well as a signal with a positive band at 790 nm and a negative band at 805 nm that results from a shift of the B band due to the oxidation of P. These features are very similar to those observed with the Mg-BChlcontaining WT RC. This observation further confirms the assignment of the 600-and 855-nm peaks to P in the Zn-RC steady-state absorption spectrum and suggests that ET proceeds to Q A , producing a long-lived P ϩ Q Ϫ state as is observed in the WT RC (if the ET to Q A were not possible, the charge-separated state would decay too rapidly to be observed in a steady-state light-minus-dark difference spectrum).
Primary ET Kinetics in the Zn-RC. To characterize the primary ET processes after the photoexcitation of P, ultrafast time-resolved absorbance spectroscopy was performed on the Zn-RC at room temperature. The excited state kinetics of P (P*) monitored at 930 nm are compared with those obtained with the WT RC (Fig.  4A ). Multiple exponential fitting of the P* kinetics of the WT RC returned 2 components of 2.8 Ϯ 0.2 ps (86%) and 10.1 Ϯ 0.5 ps (18%) along with a minor nondecaying component (Ϸ4%) as seen previously (26) . The Zn-RC kinetics of P* decay at 930 nm are surprisingly similar to that observed in the WT RC, showing 2 dominant decay components of 2.6 Ϯ 0.2 ps (78%) and 9.8 Ϯ 0.5 ps (26%) and a nondecaying component of 4%. The WT RC kinetics of 840-nm absorption changes (P ground state bleaching) show no recovery of the P band over a 3-ns time scale (Fig.  4B ) because the P ϩ Q A Ϫ state lives for milliseconds. There was also little recovery of the P bleaching at 840 nm in the Zn-RC on the 3-ns timescale, although a small amplitude decay with a time constant of 130 ps and an amplitude Ϸ5% of the total bleaching signal was observed (Fig. 4B) . The slow recovery of the P ground-state bleaching in the Zn-RC, in contrast to the dominant 2.6-ps P* decay kinetics, suggests a very high yield of P ϩ formation (again similar to the WT RC) with the chargeseparated state being stable for at least several nanoseconds. The small amount of decay of P ϩ on the hundred-picosecond time scale probably reflects a yield loss, likely due to the recombination of P ϩ B A Ϫ , and there seems to be a small portion of P ϩ decaying on the tens of nanoseconds time scale, perhaps due to the loss of Q A in some Zn-RCs.
To obtain additional information about the Zn-RC H A states, time-resolved absorption spectra in the Q X transition region were recorded at 15 ps and 1 ns after laser excitation (Fig. 5B) . The 15-ps spectrum represents the P ϩ H A Ϫ state with the characteristic bleachings at 560 nm (H) and 600 nm (P), as well as an absorption increase Ͼ620 nm due to H A Ϫ . The spectrum at 1 ns shows the recovery of the H band (at 560 nm), whereas the P band bleaching persists, which is consistent with a P ϩ Q A Ϫ spectrum. The difference spectrum, calculated by subtracting the 1-ns spectrum from the 15-ps spectrum, therefore, represents the H A Ϫ minus H A spectrum (Fig. 5C ). This spectrum obtained from the Zn-RC is similar to that obtained from the WT RC (26) but with the major absorbance decrease at 560 nm red-shifted by Ϸ20 nm from the WT value, consistent with a change in the H A cofactor from BPhe to Zn-BChl.
To further investigate ET processes involving H A , kinetics at 560 nm and 660 nm in the Zn-RC were measured ( Fig. 6 A and  B) . The kinetic trace at 560 nm represents the appearance and decay of the ground-state bleaching of Zn-BChl in the H site (H A ), whereas the kinetics at 660 nm reflect the formation and decay of H A Ϫ . The traces at both wavelengths can be adequately fitted by a 3-ps component corresponding to the formation of P ϩ H A Ϫ ; a 250 Ϯ 25-ps recovery, likely due to the ET from H A Ϫ to Q A ; and a nondecaying component on the time scale measured, due to the contribution of long-lived P ϩ . The Zn-RC time constants are, again, very similar to those observed from the WT RC (26) .
The fact that the kinetics of ET are essentially unaffected by simultaneously replacing Mg with Zn in all BChl cofactors and replacing BPhe with Zn-BChl is more difficult to explain than the changes in the ground-state absorption spectrum. Previous studies showed that the replacement of cofactors at either the H or B positions has a great impact on ET kinetics and can even alter the ET pathway (10, 27, 28) . In the ␤-mutant RC, BPhe at the H A position is replaced with a BChl, and the primary ET rate from P to H A changes from 3.5 ps in the WT RC to 6.5 ps (10). In the so-called -mutant, the BChl at the B B position is replaced with a Fig. 4 . Kinetics of P after femtosecond laser excitation at 860 nm in WT RC (red curves) and Zn-RC (black curves) measured at 930 nm (P*) (A) and 840 nm (P ground state bleaching) (B). The smooth curves were obtained from multiple exponential fittings to the data. The kinetic traces from the Zn-RC and the WT RC were normalized at the maximum bleachings. The fitting parameters are listed in Table 1 .
BPhe, causing 35% of ET through the B-side cofactors (27) . One would think that the cofactor changes in the Zn-RC would have an impact comparable with those in the mutants described above. However, the ET steps from P to Q A in the Zn-RC take place with rates and yields very similar to the WT RC. The insensitivity of the primary ET rates to the difference in cofactor composition between the Zn-RC and WT RC is remarkable, particularly considering the inherent energetic differences between BChl and BPhe molecules (17) . However, as explained below, the observed similarity between the Zn-RC and WT RC in the kinetics for the formation of the P ϩ H A Ϫ state could be because the measured time constant for the P* to H A ET is more sensitive to the microscopic rate constant of the P* to P ϩ B A Ϫ reaction than of the P ϩ B A Ϫ to P ϩ H A Ϫ reaction. If the 2-step model for ET holds, then ET from P* to B takes 3 ps, whereas the transfer from B A Ϫ to H A takes Ͻ1 ps, and so the first ET step is rate-limiting. One would expect that the P* to P ϩ B A Ϫ step would be similar in the Zn-RC and the Ac. rubrum RC because the 2 share the identical cofactors in the P and B sites. Because the Ac. rubrum and Rb. sphaeroides WT RCs have the same kinetics, it would not be surprising for the Zn-RC and the WT RC to have the same kinetics for the initial ET. Therefore, a moderate change in the kinetics of P ϩ B A Ϫ to P ϩ H A Ϫ would not affect the observed P* kinetics significantly. In other words, the energy of P ϩ H A Ϫ can be varied to a certain extent without causing a major change in the P*-to-H A ET rate. This agrees with studies of RC mutants indicating that the initial ET rate is more sensitive to the energy changes in B and less sensitive to changes in H (29) .
Furthermore, although the cofactors in the Zn-RC are different from those of the WT RC, the oxidation potential of P and the reduction potential of H A may change in a coordinated fashion (due to the influence of the protein) such that the energy difference between P* and P ϩ H A Ϫ (and therefore the driving force) remain essentially the same. The blue-shifted absorption band, and the corresponding fluorescence emission band, of P in the Zn-RC suggests a higher P* energy than that of P* in the WT RC. The P Zn /P Zn ϩ midpoint potential for the Zn-RC was determined to be 10 mV higher than that of the WT RC. What is unclear is the magnitude of the change in redox potential when BPhe is replaced with Zn-BChl at the H positions. The redox potential of H A in RCs cannot be measured directly from isolated RCs in buffer because such negative potentials degrade the RC. However, in the Zn-RC, the metal of Zn-BChl in the H sites is very likely tetracoordinated, as argued above. Previous studies of metal-substituted BChl showed a significant difference in redox potential between BPhe and Zn-BChl in organic solvents (19) and indicated that the redox potential is linearly correlated with the Q X transition band position. The fact that the Q X band of the Zn-RC H positions peaks at 560 nm, closer to that of the BPhe band at 545 nm (in the WT RC) than to that of the P or B bands at 600 nm, indicates that the electronic configuration and thus the redox potential of the Zn-BChl at the H A site is more similar to BPhe than to that of the P or B BChls. Therefore, a prediction based on Q X band absorption wavelength would indicate a similar driving force for ET from P* to H A in the Zn-and WT RCs of Rb. sphaeroides and similar ET rates.
The observed H A Ϫ to Q A ET rate is also similar between Znand WT RCs. This makes sense if the Zn-BChl replacing BPhe at the H position in the Zn-RC is tetracoordinated, and there is only a modest change in reduction/oxidation potential of H A , keeping the rate of ET to Q A approximately the same in the Znand WT RCs. Other studies have indicated that changing the environment of H A only weakly influences the ET rate from H A to Q A (29) . In the WT RC, only a minor effect on the rate change (within 10%) was seen when the driving force for H A Ϫ to Q A was lowered by as much as 150 mV by the substitution of various quinones at the Q A site (30) . It appears that ET from H A Ϫ to Q A is optimized to be close to the maximum of the rate vs. free energy relationship and therefore rather insensitive to slight changes in driving force.
QA-to-QB ET Rate and Yield. The rate of ET from Q A
Ϫ to Q B in the Zn-RC was determined from absorbance changes at 775 nm (where the Q B
Ϫ -minus-Q A Ϫ difference spectrum has a maximum) to be Ϸ400 s. The formation of P ϩ in intact Zn-RCs (i.e., those containing Q A ) monitored at 860 nm (see SI Text and Fig. S1 ) was found to be Ϸ95% relative to the WT RC [assuming that the WT RC has a quantum yield of unity (1-3) ]. The ground-state recovery of the P ϩ Q A Ϫ and P ϩ Q B Ϫ state takes 100 ms and Ϸ1 s in the WT RC, respectively (1). In the Zn-RC, the ground-state recovery of P shows 2 decay phases of 97 ms and 0.93 s. By analogy to the WT RC, the slow phase is attributed to the recombination of P ϩ Q B
Ϫ , and the fast phase is attributed to the recombination of P ϩ Q A Ϫ , due to the absence of Q B in a fraction of the RCs (31, 32) .
Insight into Different Evolutionary Strategies of PS1 and Photosystem
II (PS2) RCs. Our results may enable a deeper understanding of the structure, function, and evolution of RCs in general. The cyanobacterial and plant PS2 RCs have an arrangement of chlorins similar to the purple bacterial WT RC: In both cases, P is a (B)Chl dimer, B sites contain (B)Chl, and H sites contain (B)Phe (33) . In contrast, the cyanobacterial and plant RCs in PS1 have 6 Mg-containing Chls in a similar spatial arrangement, analogous to the Zn-RC, with the A 0 Chl in the PS1 RC equivalent to the H A BPhe in the WT RC (34, 35) . It is interesting to note that in the PS1 RC protein, in contrast to the His residues coordinating the center Mg of the Chl molecules of P700, the sulfur of a methionine (Met) side chain weakly ligates the Mg in the Chl electron acceptor A 0 . This sulfur coordination of Mg is uniquely found in RCs that contain a Chl (as opposed to a Phe) as the primary electron acceptor A 0 (34, 36) . It was shown that changing the Met residue at this site to His reduces the rate of ET from P to A 0 (37) , indicating that the weak ligation of the Mg in the A 0 Chl to Met in the PS1 RC results in an interaction that resembles tetracoordination, which we suggest is a key factor in governing the midpoint potential and hence the rate of ET in RCs.
We speculate that evolution has resulted in 2 strategies for a high rate of ET in RCs: (i) in the PS2-type of RCs, the primary electron acceptor is a (B)Phe surrounded by protein that excludes (B)Chl and water from the H sites; (ii) in the PS1-type of RCs, the primary acceptor is a Chl (A 0 ), but Chl functions well as the primary acceptor because the Mg in the A 0 Chl is ligated weakly by a sulfur atom coming from the protein, endowing this Chl with tetracoordination-like electrochemical properties.
Materials and Methods
RC Isolation. The WT Rb. sphaeroides strain NCIB8253 and the bchD mutant TB59 were grown as described previously, by using LB medium (pH 7, containing 12.8 M Zn 2ϩ ) (38) . The construction and expression of the mutant M214LH and RCs isolation were described previously (10, 39) .
Steady-State Absorption Spectroscopy.
Absorption spectra were recorded with a spectrophotometer (Cary 6000I; Varian Inc.). Low-temperature measurements were done with a closed-cycle He cryostat (Omniplex OM-8; ARS Inc). RCs were prepared in 15 mM Tris⅐HCl (pH 8.0), 1 mM EDTA, and 0.025% LDAO and diluted 1:1 with glycerol. Samples were deposited between 2 quartz windows separated with a spacer. The assembly was then mounted on a sample rod and frozen rapidly to Ϸ10 K.
P Zn/PZn
؉ Redox Midpoint Potential. Measurements were made at room temperature by using a thin-layer electrochemical cell as previously described (24, 40) . RC samples were concentrated to an A 792 of Ϸ100 and poised at 60 mM KCl in 15 mM Tris⅐HCl at pH 8. Potassium ferrocyanide (0.4 mM) and potassium tetracyano mono[1,10-phenanthroline]Fe(II)⅐4H 2O (0.074 mM) were added as mediators. A spectrophotometer (Cary 5; Varian Inc.) was used to measure absorption spectra because the potential was systematically varied. The extent of reduction monitored at the maximum of the dimer (P) Q Y transition was fitted to the Nernst equation (n ϭ 1) (24) .
Microsecond and Millisecond Kinetic Measurements.
Kinetic measurements on microsecond-to-millisecond time scales were performed on a home-built spectrometer using a Nd:YAG laser (Opotek) for actinic excitation (40 mJ per pulse, 5-ns half-width) (32) . Kinetic traces were recorded on a LeCroy oscilloscope and then transferred to a PC for analysis (41) .
Femtosecond Transient Spectroscopy. The femtosecond transient absorption spectroscopy was performed by using a pump-probe setup (4) . Laser pulses of 1 mJ at a repetition rate of 1 KHz (100 fs at 800 nm) were generated from a regenerative amplifier system (Tsunami and Spitfire; Spectra-Physics). Part of the pulse energy (Ϸ10%) was used to generate a white light continuum for the probe beam. The remainder was used to pump an optical parametric amplifier (OPA-800, Spectra-Physics) generating excitation pulses at 860 nm. Transient absorption changes at various wavelengths were measured by using a monochromator (SP150; Action Research Corp.) and a diode detector (Model 2032; New Focus Inc.). The relative polarization of the excitation and probe beams was set to the magic angle at 54.7°. The excitation intensities were kept Ͻ500 nJ per pulse, and the excitation spot size was 0.5 mm in diameter. RC samples were loaded in a spinning wheel with an optical path length of 1.2 mm, and a final optical density of Ϸ0.3 at 792 nm was used. Kinetic traces were fitted with a sum of exponentials by using a local written program ASUFIT.
